The THz spectra were acquired in the transmission mode by using a Menlo Systems TERA K15 Terahertz Time Domain Spectrometer (THz-TSD) equipped with photoconductive antennae. For all the acquisitions, the time scan range was set to 100ps and the data were collected with a time resolution of 30fs. The usable spectral range, i.e. where data are reliable, was found to be 0.2-3.5 THz. The frequency dependent dynamic range was about 80 dB at 0.35 THz and about 20 dB at 3.5 THz. The signal was averaged over all the scans for a time of 200s (1400 scans). The THz radiation emitted by the photoconductive antenna was collected and focused onto the sample using of two TPX lenses with 50 mm nominal focal length. The radiation transmitted through the sample was collected and focused onto the detector antenna by another couple of identical 50 mm nominal focal length TPX lenses. The samples were measured out of the THz focus, so that the THz pulse could probe a large area, thus minimizing heterogeneity related effects. The samples were displaced towards the detector antenna until the illuminated area was approximately 4 mm in diameter(approximately 6 mm away from the THz focus). Since the water vapor absorbs THz radiation, the sample compartment of the spectrometer was purged with dry N 2 until the water vapor absorption lines became indistinguishable from noise up to 3.0 THz (corresponding to nearly 60 min of purging time before spectra acquisition).
B. Samples details
The paper samples consist of a random assembly of cellulose fibers and voids, in a sample dependent relative concentration. Typical sizes of fibers and voids are around 10-20 µm, i.e. much smaller than the wavelengths associated to the 0.2-3.5 THz range (i.e., from 1500 µm to 86 µm). Therefore, THz radiation probes the volume averaged properties of the papers sheets. To recover the refractive index and the absolute absorption coefficient of cellulose fibers at THz frequencies, it is necessary to estimate the relative amount of cellulose in the paper sheets. This information can be recovered from the paper sample density,
by measuring their mean thickness values (t), surface area (⌃) and weight (w). Due to the production process, the paper sheets present variable thicknesses. To estimate a mean value t, the thickness was measured in several different positions (typically more than 10) by using a paper-gauging micrometer (with sensitivity of 10µm) equipped with a spherical probe (diameter 2 mm) on one side and a metallic plate with a diameter of 19 mm on the other side. The measuring force between the two probes was set to 0.1 N.
The mean thickness values are reported in Table I .
The thicknesses values required to remove the FP oscillations in the algorithm are within t ± 10µm, proving a good estimation for the paper samples' thickness.
The weights w of the paper sheets were measured using a laboratory scale (Sartorius Research R200D) with a sensitivity of 10 5 g. Both thickness and weight measurements were carried out at a temperature of (21 ± 1) C and a relative humidity RH=(56 ± 2)%. In these environmental conditions, a small amount (around 5-7% in weight) of water in the paper sheets (moisture content) is to be expected due to the hydrophilic character of cellulose [1] . This uncertainty in weight affects the samples density values.
The surface areas ⌃ of the samples were measured by acquiring their images using a calibrated imaging flatbed Table  I . The relative error in ⇢ paper is about 10%, essentially due to the uncertainty in the measurement of t and w, the last due to the unknown moisture content. The volume fraction v of cellulose fibers in the sample can be obtained by assuming v = V c /V paper = ⇢ paper /⇢ c , where V c and V paper are the volume occupied by cellulose fibers and the volume of the paper sheets used in this study, respectively, while ⇢ c = 1.5g/cm 3 is the average density of cellulose fibers. The values of v for the samples studied are reported in Table I .
Such numbers are required to calculate the absolute absorption coefficient (↵) and the refractive index (n) of cellulose fibers, given that THz radiation probes the volume averaged properties of the papers sheets [2] [3] [4] :
Here n paper and ↵ paper are the refractive index and absolute absorption coefficient obtained for the paper sheets while n a , and ↵ a are the refractive index and absolute absorption coefficient of dry N 2 (assumed to be n a = 1 and ↵ a = 0 in our THz measuring range). Therefore:
The modern samples, named P2REF (unaged) and P2Vx where x = 06, 12, 24 and 47, were sourced from the Netherlands Organization for Applied Scientific Research (TNO). They are made from unbleached cotton linters and contain very little inorganic material (ash content <0.005% in weight) and no additives or lignin [5, 6] . Note that the samples named P2Vx were artificially aged at a temperature of 90 C for x days in humid air (RH 59%) inside a closed vessel. Under these conditions, and beside high temperature, the expected degradation factors are air, water vapor and the volatile products of cellulose degradation [7, 8] . The aging conditions used here were chosen in order to produce measurable changes in the THz spectra of the model paper samples within a reasonable time frame. At the chosen temperature of 90 C, a moderate degradation of the cellulose polymers is expected [5, 7, 8] .
C. DFT Computational details
Cellulose has been modeled as a crystal in its most common crystalline form (I phase), as in Refs. [2] [3] [4] . Both the unit cell and the atomic coordinates of the structures used in those references have been relaxed by using a density-functional-theory planewave code with ultrasoft pseudopotentials (QUANTUM ESPRESSO [9] [10] nonlocal density functional has been employed. This functional is an enhanced version of VdW-DF [11] and it is based on a more accurate semilocal exchange functional, the PW86 [12] . It was chosen to achieve a better description of the H-bonds [13] . A cutoff of 40 Ry for the Kohn-Sham wavefunctions and of 800 Ry for the charge density was employed. Proper ultrasoft pseudopotentials [14] , conveniently generated [15] to be suitable for the nonlocal VdW functionals, were used. The Irreducible Brillouin Zone has been sampled with 14 k-points [2] [3] [4] . Vibrational properties have been calculated using finite displacements within the DFT framework, as described in Ref. [16] . We applied this approach for the calculation of the phononic eigenvalues and eigenfunctions at the -point, to determine the cellulose THz absorption spectrum in its pristine form.
D. Extraction algorithm details
The analysis of the THz-TDS transmission mode signals can be carried out by using the complex transfer functionT (!):
whereÊ sample (!) andÊ ref (!) are the spectral amplitude and phase with and without the sample in the THz line, respectively [17] . The frequency dependent behavior of the complex refraction indexn(!) = n(!) + i↵(!) c/2! (n is the real refraction index and ↵ the absorption coefficient) can be extracted from the measuredT (!) using a simple analytical approach for samples with particular constraints in terms of thickness and refractive index [18, 19] . In this case, it is possible to disregard, in the solution of the electromagnetic problem, the Fabry-Perot effect arising from the multiple reflections occurring inside the sample.
Under such conditions one obtains:
Eq. 6 can be easily inverted in order to derive the optical parameters:
On the contrary, the analysis of the THz-TDS signals measured on optically thin, low refractive index samples is more complicated because a new term in the transfer function must be considered to account for the FP effect. In this case, multiple reflections have to be included in the solution of the electromagnetic problem. In fact if the Eqs. 7 and 8 are still used, fictitious oscillations appear in the optical parameters (see Figs.1 and 2 ). However, if the FP -term is considered, the analytical expression of the transfer function that is at the basis of the extraction method used to determine the complex refraction index is much more complicated and can be solved only numerically. In this case, the resulting transfer function expression is:
where F P (n, !) is the function giving the FP contribution:
Naming:
as the difference between the theoretical and experimental transfer function, we have to find then complex root that satisfy the equation: f (n, ! j ) = 0, for each ! j . To recover the spectral behavior of the complex refractive index in paper sheets we have developed a signal extraction procedure optimized for thin absorbent samples of low refractive index. In particular, it has been necessary to minimize the instrumental errors involved in the determination of the subtle time difference between the reference and the sample pulses (⇠ 100fs). The overall convergence error associated to the procedure can be estimated by considering the following expression: The precision of our calculation for the refractive index and absorption coefficient is such that the typical values for converr obtained in our application are of the order of 10
8
. This implies that the relative difference between any experimental and theoretical transfer function spectral component for the real or imaginary part is, in the worst case, 10
. The SNR of the FFT amplitude is, at the best, of the order of 10
4
. We, therefore, argue that any noise-like feature in the spectra of the extracted optical parameters is likely to have an experimental origin, rather than a numerical or a systematic one.
A numerical low-pass filter (0.14 THz resolution) was then applied to the spectra obtained to cancel the FP contribution and thus eliminate the noise especially present at frequencies higher than 2.5 THz. The typical resulting curve, normalized for both sample thickness and density, is shown in Fig.2 together with a plot where the FP oscillations have not been removed. Note that the FP oscillations can be confused with the spectroscopic features (as shown in the curve in which they are indeed present). Fig.3 shows examples of measurement uncertainties in the absorption curves from which the background has been subtracted. Although the clearest result is surely the presence of peaks at 2.1 and 3.1 THz , we note that minor peaks systematically occur in the various measurements carried out on the artificially aged samples, thus confirming a modification of the spectra as a function of aging.
